• Background and aims Dormancy in Lolium rigidum seeds can be alleviated by warm 2 stratification in the dark or by application of fluridone, an inhibitor of plant ABA biosynthesis 3 via phytoene desaturase. However, germination and absolute ABA concentration are not 4 particularly strongly correlated. The aim of this study was to determine if cytokinins of both 5 plant and bacterial origin are involved in mediating dormancy status and in the response to 6 fluridone. 7
INTRODUCTION 1
Lolium rigidum (annual ryegrass) is used as a pasture plant but is also a major weed in many 2 regions of the world, particularly those with Mediterranean-type climates (Kloot, 1983) . Like 3 many annual weeds, one reason for the persistence of L. rigidum is the dormancy of its seeds at 4 shedding, which allows germination to be staggered over a period of months and ensures that atdried. ABA and CK were extracted and analysed by liquid chromatography-mass spectrometry 1 according to Ross et al. (2004) and Quesnelle and Emery (2007) 
Statistical analyses 4
Measurements of germination and metabolites were analysed by one-and two-factor ANOVA at 5 the 5% level of significance. Differences between means were assessed using the least significant 6 difference test. A random forest analysis (Liaw and Wiener, 2002) was performed to assess the 7 contribution of ABA and each CK species to seed germination under all treatments, using the 8 'randomForest' package in R v3.0.2 (R Core Team 2013). The default settings in R were used 9 except that the number of trees was increased to 10 000; the percent increase in mean squared 10 error was used as the importance measure. 11
RESULTS 13
Heat-treatment of Lolium rigidum seeds reduces their bacterial population 14 LB plates streaked with homogenates from dry L. rigidum seeds heated at 50°C for 48 h had very 15 low bacterial growth compared to the unheated-seed controls [Supplementary Data Fig. S1 ]. It 16 should be noted that although Lolium seeds are also often infected with fungal endophytes 17 (Gundel et al., 2006) , the above heat treatment is unlikely to have affected the fungal population: 18 Welty et al. (1987) demonstrated that dry heating of L. perenne seeds at 60°C for 18 weeks only 19 decreased the viable endophyte population by 50%, and that a treatment of 50°C for 48 h would 20 decrease endophytes by only one or two percentage points. In any case, fungal endophytes in 21
Lolium have little impact on seed dormancy or germination (Gundel et al., 2006) . 22
Unheated and heat-treated seeds respond differently to stratification treatments 1
Confirming previous results (Goggin et al., 2009) , dark-stratification of unheated seeds resulted 2 in release of dormancy whilst blue light-stratified seeds remained dormant, and fluridone 3 stimulated germination under all stratification conditions (Fig. 1A) . GA 4 caused a higher relative 4 stimulation of germination in non-stratified (4-fold relative to the control) and light-stratified (2-5 fold) seeds compared to seeds stratified in the dark (1.2-fold stimulation) (Fig. 1A) . 6 7 In contrast, heat-treated, dark-stratified seeds were unable to lose dormancy in the dark, although 8 the basal germination level (i.e. of heat-treated, non-stratified control seeds) was not affected by 9 the heat treatment (Fig. 1A) . Fluridone and GA 4 were able to restore germination in heat-treated, 10 dark-stratified seeds and also stimulated germination in the non-stratified and light-stratified 11 heat-treated seeds (Fig. 1A) . 12
13
Although fluridone had the expected 2-to 3-fold stimulatory effect on the germination of 14 unheated seeds, the other putative ABA synthesis inhibitors did not. Diflufenican had no effect 15 on non-stratified seeds and a slight stimulatory effect on dark-or light-stratified seeds, whilst 16 naproxen had no effect on non-or dark-stratified seeds and inhibited germination of light-17 stratified seeds (Fig. 1B) . 18
19
Fluridone affects ABA concentration in the embryo, regardless of heat treatment 20
Heat treatment had no effect on ABA concentration in the embryo-containing portion of 21 stratified seeds, but 50 µM fluridone caused a 2-to 4-fold decrease under all conditions (Fig.  22   2A ). In the embryo-less seed portions, neither fluridone nor heat treatment had an effect on ABA 23 11 concentration, except that in unheated, dark-stratified control seeds, endosperm ABA was 2-fold 1 higher than in (1) the corresponding heated seeds and (2) the unheated, dark-stratified seeds that 2 had been treated with fluridone (Fig. 2B ). Similar to previous results (Goggin et al., 2009) , there 3 was not a particularly strong relationship between germination and ABA concentration in the 4 embryo-containing seed portion (Fig. 3A) , with the linear correlation coefficient (r 2 ) being 0.4. 5
Overall, as calculated by the random forest analysis, ABA and CK concentration explained 62% 6 of the variation in germination. Ranking of the importance measures (percent increase in mean 7 squared error) for each measured hormone showed that ABA had more influence over 8 germination than any of the CK species [Supplementary Data Fig. S2 ]. 9
10
As naproxen unexpectedly inhibited germination in light-stratified seeds (Fig. 1B) , ABA was 11 also measured in unheated seeds that were dark-or light-stratified in the presence or absence of 12 50 µM naproxen. In this case, the inhibition of germination in light-stratified seeds by naproxen 13 corresponded to a 3.5-fold increase in ABA in the embryo-containing portion of the seeds (Fig.  14   3B) . 15
16

Changes in seed CK composition due to heating 17
The CK concentration in dry (unheated) seeds was around 3-fold higher than in the unheated 18 stratified seeds (Table 1 ) and the predominant species were dihydrozeatin (DZ) and its O-19 glucosylated riboside (DZROG) [Supplementary Data Table S1 ]. Heating of seeds before 20 imbibition did not affect total imbibed CK concentration in the embryo-containing portion of the 21 seeds but caused a 2-fold decrease in the embryo-less portion, and greatly changed CK 22 composition in both tissues (Table 1 ). Figure 4 shows the fold-changes in CK concentrations in 23 the embryo-containing and embryo-less portions of stratified seeds relative to the concentrations 1 in the corresponding portions of unheated, dark-stratified control seeds. The free bases trans-2 zeatin (tZ) and isopentenyladenine (iP) were rendered undetectable by heat treatment, as was the 3 nucleotide of DZ (DZNT) (Fig. 4) and the O-glucosides of DZ and DZR, whilst DZ itself was 4 dramatically decreased but still detectable [Supplementary Data Table S1 ]. cis-Zeatin 5 nucleotide (cZNT) was undetectable in the embryo-containing tissue of heat-treated seeds, and 6 decreased >2-fold relative to unheated seeds in the embryo-less portion (Fig. 4) . The riboside and 7 nucleotide of tZ (tZR and tZNT, respectively) were undetectable in dark-stratified seeds 8 following the heating pre-treatment, but their concentration was increased ≥3-fold in the 9 corresponding blue light-stratified seeds (Fig. 4) . A similar pattern was seen for the O-10 glucosylated riboside of tZ (tZROG), but only in the embryo-less portion of the seeds, and a 11 light-mediated >2-fold increase of the riboside of iP (iPR) was also observed in all tissue from 12 heat-treated seeds (Fig. 4) . Heat treatment caused an increase in levels of methylthiol-zeatin 13 (MeSZ) in the embryo-containing tissue, especially under blue light; in contrast, heating resulted 14 in a decrease in methylthiol-iP (MeSiP) to below detectable levels (Fig. 4) . Most remarkably, 15 heat treatment caused a massive increase in the O-glucosylated riboside of cis-zeatin (cZROG), 16 ranging from 5-fold in embryo-less portions of blue light-stratified seeds to 54-fold in the 17 embryo-containing portions of dark-stratified seeds (Fig. 4) . The absolute concentrations of these 18 and the other CK species detected in dry and stratified seeds are given in Supplementary Data 19 Table S1 . Table S1 ]. Only those which showed a ≥2-fold change in response 4 to the light or fluridone treatment (either in unheated seeds, heat-treated seeds, or both) were 5 considered to be potentially biologically significant and are discussed here. In addition to the 6 light-induced changes in heat-treated seeds described above, blue light caused a decrease in the 7 concentration of DZNT in the embryo-containing portions of unheated seeds, whilst fluridone 8 caused an increase in the same tissue, but only in the dark (Fig. 4) . Although the random forest 9 analysis showed a weak overall correlation between CK concentration and germination, DZNT 10 was the CK that had the greatest association with germination [ Supplementary Data Fig. S2] . 11
In the embryo-less portion of the seeds, fluridone prevented light-induced increases in the 12 concentration of iPNT (heat-treated seeds only) and of MeSiP (unheated seeds only) (Fig. 4) . 13
Fluridone and blue light also interacted to cause a decrease in MeSZ concentration in the 14 embryo-less portion of unheated seeds (Fig. 4) . 15
DISCUSSION 17
Seed bacteria may help to mediate dormancy status 18
The ability of Lolium rigidum seeds to lose dormancy via dark-stratification was greatly 19 impaired in the near-absence of bacteria, but in contrast to previous studies (e.g. Holland & 20 Polacco, 1994) , the basal (i.e. non-stratified) level of seed germination itself was not inhibited. 21
The fact that exogenous gibberellin A 4 restored dormancy release in heat-treated, dark-stratified 22 seeds suggests that gibberellin synthesis by the seed bacteria contributes to this process. Previous 23 14 attempts at measuring gibberellins in L. rigidum seed parts have proved unsuccessful due to their 1 extremely low concentrations (Goggin et al., 2009) , so this hypothesis remains to be confirmed. 2 3 Seed ABA concentration was largely unchanged by the heating pre-treatment, so the bacterial 4 contribution to seed ABA metabolism under the conditions of the study was likely to have been 5 negligible. So far, there is contradictory evidence, from only a few studies, as to whether bacteria 6 are capable of synthesising ABA at all (reviewed in Hartung, 2010). In contrast, CK composition 7 was dramatically altered by heating, suggesting that bacteria play a major role in seed CK 8 metabolism. There was, in this case, no strong link between seed germination ability and 9 endogenous CK concentration or composition, similar to the findings of Stirk et al. (2012a) 
in 10
Tagetes minuta achenes and Long et al. (2012) in pea seeds. However, the fact that fluridone and 11 blue light, so effective in determining seed dormancy status, also modify certain components of 12 the L. rigidum seed CK pool suggests that seed CKs (of both plant and bacterial origin) could 13 indirectly influence dormancy and germination. 14 15 Heat treatment has the greatest effect on seed cytokinins 16 Dry heating of the seeds before imbibition had a much more substantial effect on the imbibed 17 seed CK pool than light and/or fluridone, causing a decrease in some CK species to undetectable 18 levels. This strongly suggests that these CK species, including DZNT (which disappears upon 19 heating and was the CK which had the greatest association with germination in the random forest 20 analysis), are maintained in imbibed seeds by bacterial metabolism, which would have been 21 almost absent in the heat-treated seeds. The fact that the undetectable CKs also include tZ, iP and 22
MeSiP supports this hypothesis. Bacteria tend to synthesise free bases such as tZ and iP (Morris 23 et al., 1993) , whereas plants are capable of synthesising and accumulating O-glucosylated 1 derivatives (a common reversible storage form of CK) (Kuroha et al., 2009) . Additionally, 2
MeSiP has so far only been characterised in bacteria (e.g. Lexa et al., 2003; Omer et al., 2004; 3 von Schwartzenberg et al., 2007; Pertry et al., 2009) . 4 5 The dramatic increase in cZROG in heat-treated seeds, particularly in the embryo-containing 6 portions where most of the living plant tissue is found (Fig. 4) , might indicate that plant cZROG 7 accumulation in imbibed seeds is repressed by high levels of bacterial tZ and/or that seed-8 synthesised cZROG is only rapidly converted to active forms of CK when bacterial activity is 9 present in the seed. The higher concentration of MeSZ (which is potentially an early intermediate 10 in the tRNA-derived cZ biosynthetic pathway) in the heat-treated seeds could also indicate that, 11 in seeds with a greatly depleted bacterial population, the high level of cZROG is synthesised 12 from tRNA rather than de novo (Spíchal, 2012) . The CK pool in heat-treated seeds was more responsive to blue light than in unheated seeds, 5 suggesting that at least some aspects of plant CK metabolism are mediated by light. This is 6 illustrated by the fact that precursor and storage forms of tZ, which were absent (along with free 7 tZ itself) in the embryo-containing portions of heat-treated, dark-stratified seeds, were present at 8 higher concentrations in heat-treated, light-stratified seeds than in their unheated counterparts 9 (Fig 4; Supplementary Data Table S1 ). This difference was further increased by treatment with 10 fluridone. Therefore, plant synthesis of trans-CK is apparently light-dependent and can be 11 stimulated by fluridone via an unknown (direct or indirect) mechanism. Concentrations of iPR 12
were not affected by fluridone but were increased by light in both tissues of the heat-treated 13 seeds, suggesting that plant synthesis of iP-type CK is also stimulated by light. There is limited 14 information as to the effect of light on CK homeostasis in green organisms. Cytokinin 15 concentration and composition in a shade-adapted prairie plant was responsive to light intensity 16 and red/far-red ratio (Kurepin et al., 2012) , and CK synthesis (particularly cZNT) was stimulated 17
in Chlorella cells during exposure to white light (Stirk et al., 2011) . Plant responses elicited by 18 both blue light and CK were found to occur via either independent (e.g. photomorphogenesis) or 19 intersecting (e.g. anthocyanin synthesis) signalling pathways, but the effect of blue light on CK 20 metabolism itself has not been investigated so far (Vandenbussche et al., 2007) . 21 22 MeSiP levels in the embryo-less portion of unheated seeds were increased 3-fold by stratification 1 in the light (Fig. 4) and the presence of fluridone prevented this increase. However, this 2 interesting response is unlikely to be directly important in determining germination, at least in L. 3 rigidum, as indicated by the random forest analysis [ Supplementary Data Fig. S2] . The genes 4 encoding iP methylthiolation activity in bacteria are yet to be characterised (Frébort et al., 2011), 5 and it is unknown whether fluridone directly affects this activity, or whether inhibition of MeSiP 6 synthesis is an indirect result of the effect of fluridone on other pathways. 7 8
Differential effects of putative ABA biosynthesis inhibitors on seed germination 9
It appears from the CK analysis that fluridone has only subtle effects on seed CK metabolism, 10
and thus its precise mode of action in breaking seed dormancy in L. rigidum remains obscure. 11
The efficacy of fluridone in breaking L. rigidum seed dormancy was far greater than that of two 12 other inhibitors of ABA biosynthesis, diflufenican (also an inhibitor of PDS) and naproxen 13 (which theoretically inhibits the rate-limiting step of ABA biosynthesis), which had little to no 14 stimulatory effect on germination: naproxen actually inhibited germination of light-stratified 15 seeds whilst dramatically and unexpectedly increasing the seed ABA concentration. Although 16 the results of pharmacological studies must always be interpreted with caution, the different 17 effects of the two PDS inhibitors, fluridone and diflufenican, on seed dormancy suggests that 18 inhibition of PDS activity may not be the only mode of action of fluridone in breaking 19 dormancy, especially since ABA concentration (decreased by inhibition of PDS) is not strongly 20 correlated to germination in some grass species (Benech-Arnold et al., 2003; Gianinetti & 21 Vernieri 2007; Goggin et al., 2009 and current study). The unexpected inhibitory activity of 22 naproxen towards germination could be due to the fact that it is an inhibitor of human 23 cyclooxygenase (McGettigan & Henry, 2000) and thus might also interfere with the activity of 1 the structurally-similar 70 kDa subunit of plant α-dioxygenase (Sanz et al., 1998) , which plays a 2 role in fatty acid α-oxidation and is highly active during seed germination (Meisner et al., 2009) . 3 4 In summary, seed microflora may contribute to the mediation of dormancy in imbibed L. rigidum 5 seeds. This adds another level of complexity to the process of seed dormancy release and its 6 inhibition in this species. The understanding that is gradually emerging suggests that: (1) 7 sensitivity to ABA is more important than absolute ABA concentration (Goggin et al., 2009 and 8 current study), although ABA concentration is a greater determinant of dormancy than CK 9 concentration; (2) sensitivity to gibberellins increases in the dark (Goggin et al., 2010) and 10 bacterial gibberellin synthesis could potentially contribute to dark-mediated dormancy release 11 (although this requires confirmation); (3) We thank Amy Galer for mass spectrometric measurement of ABA and CK concentrations, 10
Anna Kisiala for critical reading of the manuscript, and Marty Firth for performing the random 11 forest analysis. We also thank two anonymous reviewers for their helpful suggestions. 
